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AEsAI;ySIS OF EXPEBlMENTAL LOW-SPEED LOSS AND STALL C W m I S T I C S  

OF TWO-DIMENSIONAL CaMpIzEssaR BLADE CASCADES 

By 6eymour Lieblein 

An analysis of the low-speed experimental loss characteristics of 
conventioaal  10-percent-thick low-speed compressor  casca& sections is 
presented i n  terms of wake  momentum thickness and blade velocity  diffusion. 
Blade-wake momentum thickness,  expressed as a ra t io   to  the chord  length, 
i s  computed from vwiou8  reported loss parameters by means of derived con- 
version  equations. Blade diffusion is expressed as the ra t io  of measured 
m a x i m u m  upper-surface velocity t o  outlet  velocity and as an equivalent 
ratio  expressible  in terms of the blade sol idl ty  and velocity  triangle. 

b- Within the restr ic t ions of the  available data, an essentially  uni- 
versal  correlation between d e  momentum thickness and equivalent diffu-  
sion r a t i o  is obtained at angles of attack at minimum loss and greater  for 
a wide range of blade  configurations.  Further  correlations  indicate that 
blade s ta l l  at angles of attack  at  minimum loss and greater, as evidenced 
by a sharp r i s e   i n  wake momentum thickness, is possible whenever the equiv- 
alent  diffusion  ratio exceeds a value of about 2. Means of estimating  the 
low-speed total-pressure loss and the unstalled range of operation of con- 
ventional cascade sections as functions of solidity,  air in l e t  angle, and 
air turning  angle are obtained, and examples and limitat5ons of the appli- 
cation of the  resul ts   to  blade design are presented. 

Investigations of  two-dimensional-cascade sections have frequently 
been u t i l i zed   in  axial-flow-compressor  reseazch t o  gain an insight  into 
the loss and stall characteristics of campressor blade elements. In  par- 

cascade losses  covering wide ranges of cascade  geometries. 
-. t iculas,  it I s  currently desirable to  obtain  generalized  correlations  for 

" In order  to facilitate the determination of generalized loss corre- 
lations, it is necessary tha.t a loss parameter  be used that is independent 
of the cascade geometry (solidity and  chord or  air angles) and is a 
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function CCF only the  individual  blade wakes. The theoretical loss anal- 
y s i s  of reference 1 shorn that the principal wake characteristics that 
influence the cascade loss are  the momentum thickness  (expressed nondimen- 
sionally as a r a t io  t o  the chord length) and the form factor. The wake 
f o r m  factor, however, accmding t o  refere- 2, is effectively  constant 
at the usual cascade measuring-station  location f L  t o  1.5 chord lengths 
downstream  of the  blade  trailing edge) for  a wide range of cascade geome- 
t r i e s  and losses. The  prim- wake characteristic  descriptive of the 
cascade loss is thus the measuring-ststion blade-wake momentum thickness. 
The  wake  momentum thickness shouid therefore  constitute a fundamental 
parameter for the correlation of cascade losses. 

L 

Since the blade wake is  formed from the  pressure- and suction- 
surface boundary layers,  the wake  momentum thickness w i l l  depend on the 
blade  surface  velocity  distribution. Ekgerience has shown that blade 
surface  velocity  distributions that r e s u l t   i n   k r g e  amount6 of diffusion 
i n  velocity along the  surfaces  tend t o  produce relatively  thick boundary 
9wers and eventual  separation  or stall. The concept of velocity  diffu- 
sion has, therefore, been an important one in  the analysis of blade  losses. 
Simplified  relations are obtained in  references 3 t o  8 for  the  prediction 
of boundary-layer-growth, flaw separation, or m a x i m u m  lift coefficient  in 
terms of surface  velocity  diffusion. I. 

I n  the present  report,  the concept of‘ velocity  dfffusion is  applied 
i n  an analysis  of blade  losses  expressed  in terms of the fundamental =* 

parameter of wake  momentum thickness. Wake  momentum thickneeses of con- 
ventional low-speed cascade  blade  sections  are computed from experimental 
loss coefficients and correlated  against  simplSfied upper (suction)  surface 
diffusion parameters i n  the range of operation from minimum loss t o  posi- 
t i v e   s t a l l .  The data correlations  are  expressed first in terms of meas- 
ured maximum upper-surface  velocities and la ter ,  for cases for which BUT- 
face  velocity data are  unavailable, i n  equivalent terms  based on i n l e t  
and outlet  velocities. IIJhe question of blade stall is discussed, and 
considerations are presented  for  predicting  the loss, s t U  point, and 
operating range of cascade sections in  the range of angle of attack from 
minimum loss to  posit ive stall. The effects  af such factors as blade 
shape, section  thickness, and  Reynolds number  on the diffusion  correla- 
tion are also considered. 

rp 

The analysis is based on the systematic cascade data for  the NACA 
65-series compressor blade  sections of references 9 and 10, and on the- 
limited  available data for  tihe Rritish C.4 c i r c w - a r c  blades of refer- 
ences 11 and 12.  Restrictions and limitations  involved i n  the  application .- 
of the  results  to cascade  performance analyses are discussed. 
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SYMBOLS 

aspect   ra t io ,   ra t io  of blade span 50 mean chord  length 

constants .   in  loss and diffusion-ratio  equations 

drag coefficient 

wall f r i c t i o n  coeff  lcient 

isolated lift coefficient  (used  in  designation of W A  65-series 
blades) 

wake force  coefficient 

chord  length 

equivalent  diffusion  ratio  (defined by eq. (8) ) 

force 

wake momentum force 

wake form factor ,  @/El 

coordinate normal t o  outlet-flow  direction 

to ta l   p ressure  

averaged decrease i n  t o t a l  pressure 

stat ic   pressure 

blade-chord Reynolds number 

radius 

blade  spacing normal t o  acid direction 

blade spacing normal to outlet   f low  direction 

blade thickness 

flow velocity 

coorana te  &on@; outlet   f low  direction 

coordinate normal t o  axial direct ion ' 



coordinate along axial direction 

angle of a t tack ,  angle betweefl blade  chord and inlet-air direction, 
b g  

a i r  angle, angle between airflow and axial direction, deg 

blade-chord  angle, angle between blade chord and axial direction, 
deg 

wake f u n  thickness 

wake displacement-  thickness 

wake momentum thickness 

m&ss density 

total-pressure-loss coefficient  based on outlet velocity, 

w@Pv:,2 

a1, w total-pressure-loss  coefficient for  complete mixing based on inlet 
velocity, ( E ) ~ ~ V I  1 2  

q," f o r  complete mixing based on ou t l e t  
d 

Subscrtpts: 

A area average 

D drag 
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lift 

lower surface 

mass average 

vector mean condition 

m a x i m u m  

ruxcmd to outlet  flow direction 

reference 

stall 

plane of t r a i l i ng  edge 

upper surface 

normal to axial direction 

axid direction 

f ree  stream 

in l e t  

outlet  measuring s ta t ion 

a far downstream where complete  mixing has taken  phce 

Superscript: 

* rderence minimum-loss value 

The cascade loss data used in   the analysis were obtained from inves- 
tigations of the NACA 65-(AlO) -series blades in reference 9, the NACA 
65-(AI) a e r i e s  blades in  reference 10, and the British C.4  circular-arc 

nose profiles of 10-percent maximum thickness. Both the NACA 
65-(C&l0)10 blades (ref. 9) and the circular-arc  blades (refs. 11 and 
12), whose mean camber l ines   are  symmetrical a b u t  the midchord point, 

-.I mean-line blades in  references ll and 12. All blades are low-speed thick- 
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tend  to  give  unifomrchordwise  design  pressure loading. The WCA 
65- (C2&21m) LO blade of reference 10 . is a rearward loaiding section;  the 
65-(Cz&I4)l0  blade  (ref. lo) is a forward loading  section; and the 
6Sr(C,&14b)l0 blade (ref.  10) is p&way between the-Al0 and A21sb mean 
lines.  The various blade shapes considered  are  described and coqpared i n  
references 10 aud 12 .  

Identification  information concerning the various blade configura- 
tions and  cascade tunnels used i n  the data BouTceB is given in   table  I. 
I n  aL1 cases,  because of the tunnel  size, boundary-layer control, o r  
operating  techniques employed,  good two-dimensionality wers obtained i n  
the cascade flow. Blade-chord Reynolds numbers were between about 
2 .0X105 and 4. 5X105. 

CALCULATIONS 

As indicated  previously,  the data correlations me t o  be expresse& 
i n  terms of the fundamental loss parameter of wake  momentum thickness. 
Because of the  general absence of specific  experimental dats describing 
the  charracteristics of the wakes of cascade  blades, it wa6 necessary t o  
establish methods f o r  computing the nundimensional wake momentum thick- 
ne88 from the   pmt icu lw loss parameters used in  the  various cascade in- 
vestigations. The principal loss parameters i n  use in  cascade research 
are  the wake coefficient cW (ref.  g), the drag coefficient C, (refs. 9 
and 11) , and the  total-pressure-loss  coefficient 6 (ref’. 4) . The w-ioue 
equations and techniques  obtained  for computing the nondimensional momen- 
tum thickness at the cascade  measuring s t a t i o n   ( 8 / ~ > 2  fram these loss 
parameters  are developed i n  appendixes A t o  E. . T h e  develmpments ~LBBUDE 
incompressible flow and an outlet  flaw model as shown- in  f igures 1 and 2. 
Tkue two-dimensional flow is assumed for  all the data converted. The 
calculation of (e/+ for  a given magnitude of h s s  parameter, as inat= 
cated  in  the appendixes, requires a knowledge of the air in le t  and outlet  
angles, the cascade solidity, an& the wake form factor.  

For the NACA 65-series blades of references 9 and LO, wake  momentum 
thickness (8/c), was computed f r o m  the measured wake coefficient accord- 
ing t o  equation (Al.2) i n  appendix A. For the C.4 blades of references I1 
and 12, (8/c> was computed from the measured drag coefficients  accordv 
ing t o  equations (B16) and (B18), respectively. Total-preSsW”e-5o88 
coefficient was computed for -  simplicity in all cases from the meas- 
urea drag coefficients  according t o  equation (El) or (E2). 

“ 

An example of- the  variatAons of  computed (8/c) and with angle .c 

of attack is given in   f igure  3. Figure 3 also shows the  definition of the 
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- reference  point of minimum loss. F r o m  plots such as figure 3, the  varia- - tions of (e/c), ' with the  pertinent  correlation parameters considered were 
then  obtdned. 

cu 
(u 
N 

k cases,  erratic  variations of loss parameter were observed i n  
the  original data because of sudden dhtanges i n   t h e  boundEtry-layer flow 
arising from local lamina separations. An i l lust rat ive  plot  of the var- 
iation of  computed momentum thickness with aagle of attack for a cascade 
with local laminar  separation is shown in  f igure 4. In such instances, 
it was necessazy t o  estimate the probable m i a t i o n  of the loss pazameter 
i n  the absence of a local laminar sepaxation (as indicated  in the figure) 
and use  values  obtained from the faired cmves  for  the  correlations. 
Erratic loss curves were observed for   the 65-(C&lo)10 blades of refer- 
ence 9, the 65-(C~&I~b)10 blades of reference 10, and the blades of refer-  
ence U. The 65- (1%14) 10 and 65- ( 1 2 ~ ~ 1 ~ ~ )  10 blades of reference 10 and 
the  circular-arc  blade of reference 1 2  were conrparatively free of eiTatic 
boundary-layer  changes. 

Because of the  factors  involved  in  the  calculation  procedure  certain 
unavoidable errors may be  introduced i n  the determination of [e/c32 88 a 

parameter  determination o r   i n  the subsequent  conversion t o  wake momentum 
thickness, o r  both. -ever, it is believed that any errars  involved  in 

results of the final correlations. 

I resul t  of inconsistencies aud inaccuracies in either the  original loss- 

I- the calculation of (@/c), will be small enough not t o  mask the  principal 

Examination of blade surface velocity  distributions of conventional 
cascade sections, as i l lust rated  in   f igure 5, shows that, for  angles of 
attack  greater  than  those at about the  point of reference m i n i m u m  loss 
(as defined in   f i g .  31, large  negative  gradients of velocity exist on the 
upper (suction) surface of the blade. In this region of blade operation, 
the  upper-surface boundary layer  contributes the major share of the wake, 
and, therefore,  the  upper-surface  velocity  distribution becomes the gov- 
erning factor  in  the  determination of the wake loss. The general hypothe- 
sis of the  diffusion approach considers that, in   the range of blade oper- 
ation from minimum loss to  posit ive stall, the momentum thickness of the 

the  blade. It is further considered tbt, fo r  conventional  velocity 
distributions as i l lus t ra ted  by figure 5, the  diffusion  in  velocity can 
be  expressed  significantly as a pmameter  involving  the maximum surface 
velocLty  and the  outlet  velocity. In the present analysis, the  velocity 
diffusion is expressed i n  terms of the r a t i o  of the maximum upper-smface 

" blade wake varies with the  diffusion  in  velocity on the upper surf ace of 

- 



8 NACA RM F57A28 

velocity  to  the- ou t l e t  free-stream  velocity v-JvO 2. f b s t  pa r t  
of the analysis, therefore,  presents  a  correlation of wake  momentum thick- 
ness with blade  surface diffusion r a t io  V&o,2 t o  determine the va- 
l i d i t y  of the  diffusion asslrmption.  CorreLations m e  presented  for the 
reference minimum-loss point and fo r  greats angles of attack. 

? 

Since  blade  surface  velocfty  distribution data are not generally 
available f o r  a31 usable  blade  shapes, it is desirable  to  investigate 
ways of extendlng  the  diffusion  correlation t o  cases  for which the  surface tb 
velocity  ch8racteristics  are mktmwn. To accomplish this, appropriate 
empirical relations were investigated between the surface  diffusion  ratio 
V & O , ~  and derived  readily  calculated  quantities based only on inlet 
and outlet  flow conditions.  Equivalent diffueion ra t ios  based on over- 
all velocit ies are then  established from these  empmcal  relations. 

" 

lu 
N 
N 

Blade Surface Mff usfon Ratio 

The initial correlation of wake  momentum thickness  against  suction- 
surface  =usion ratio v&O,~ w a s  ma* f o r  the  reference  condition 
of  minimum-loss ang3.e of a t tack as defined i n  figure 3. For simplicity, 
the free-stream  outlet  velocity V O , ~  was computed from measured air 
angles  such that' 

w h e r e  Vm,/Vl was determined f'rom the  plots of experimental upper- 
surface  velocity  distribution In the data references. V a l u e s  of (C?/c) 
and V&0,2 at minimum loss for a given  blade  section were o b t a i t d  
from feire'd curves of these quantities against  angle of attack (as i l l u s -  
t ra ted  in f ig .  3 f o r  ( G / c ) ~ ) .  

Correlation  at  m i n i m u m - l o s s  angle of attack. - The plot of (e/c)z 
against Vma;x/v0,2 at reference minimum-loss angle of a t tack obtained 
from the available cascade data covering a wtde range of cambers, solidi- 
t i e s ,  and air in le t  w l e s  is shown in   f igure  6. The data are plotted  in 

l'llbeoretically, in two-dimensional-cascade flow  with wakes, the r&io 
of approximate Vo,2 (as determined from only the cosines of the air =- 

angles,  eq. (I)) to  exact v O , ~  is given by the following (from eq. 
: 

I 
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- two pasts: because of their  s i m i l a r  surface  velocity  distributions and - blade-chord Reynolds numbers, the 65-(Alo) -series  blades  (ref. 9 )  and the 
C.4 circular-arc blades (refs. ll and 1 2 )  are  presented  together i n  figure 
6 a j and the 65-(AI) -series blades of reference 10 are  plotted in figure 
6 b .  [ I  

Figure  6(a) provides an essential  confirmation of the  basic  diffusion 
hypothesis f o r  the 65-(C+10)10 blade, in that a well-defined  correla- 
t ion  is obtained between (G/c), and V d V o  fo r  a wide range of blade 
configurations. 1% also appears, f r o m  the limited  available data (solid 
symbols i n   f i g .  6 (a) 1, that the C .4 c*cular-arc  blades should exhibit a 
s i m i l a r  correlation. 

I 

For a velocity  ratio of 1 (no diffusion), the data of figure 6(a) 
extrapolate  to a value of ( 6 / ~ ) 2  of about 0.004. For the hypothetical 
condition of V d V o ,  2 equal to 1, the blade surface flow should  curre- 
spond essent ia l ly   to  f lat-plate flow. For the flat plate at a Reynolds 
number of 2 .5x105, the wake momentum thickness  for two surfaces is ob- 
tained from the wall friction  coefficient (O/c e. cfr/2 for a surface) as 
0.0027 for completely laminar flow and 0.0059 fo r  completely turbulent 

trapolated  value of (6/c) 2 at V-/Vo, = 1 in  f igure 6(a> would l i e  

N 
I 
PI- u flow (ref. 13, f ig .  88, e. g .  ) . It is expected, theref ore, that the ex- 

., - between these two values. 

On the  high-diffusion-ratio end of the plot  in  f igure 6(a), there 
are two points at a V,eX/vo, 2 of about 2.1 that appear t o  fall somewhat 
above the indicated band of the  correlation. Whether these high points 
are  the  result of experimental  error or ref lect  some significant  increase 
in  the  spread of the data at high diffusion  ratios is not  apparent from 
these data. 

Figure  6(b)  indicates that, with minor exceptions,  the .data from the 
65-(AI)-series blades of reference 10 fall within  the limits of the data 
for  the 65-(Alo)-series blades and the (2.4 circu1az”arc  blades (dashed 
curves i n  f ig .  6(b) 1. The two high values of (e/c); between (V-fio,2)* 
of 1.50 and 1.55 for the   65- (Cz0~Igo)”  blade are not  considered t o  
indicate any significant  departures from the WincipaJ-  correlation of 
figure 6(a). It is believed that these high points  are the resul t  of 
extensive laminar separation  effects that could  not be f a k e d  out i n  the - plots of (e/c), against a. 

The two lar points for the 65-(12A&)10 blade  in figure 6(b), how- - ever,  are  believed  to be due t o  a fundamental effect. It is noted i n  
figure 5 that the blade  [fig. 5 (d} ) has a considerably  smaller  velocity 
deceleration on the lower surface at minimum-loss angle of attack than 
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all the other blades. A s m a l l e r  luwer-surface bounda3-y mer and, con- 
,sequently, a smaller wake  momentum thickness should therefore  result  far 
the same values of upper-surface  diffusion for &is blade. 

Correlation  over  range of a W e  of attack. - A further indication of 
the momentum-thfckness variations at high diffusion  ra t ios  is  obtained 
from the plot of (e/c>,  against V-b0,2 for all data points at angles 
of attack greater than the minimum-loss point (a > a?, as shown i n  figure 
7. As f o r  the case of figure 6, values of (O/c) appearing i n  the plots I& 

are fa i red values. Furthermore, data points for w h k h  the measured 
r a t io s  appeared t o  be unreasonable,. l i k e  the high a points  for 

Czo of' 12 i n  figure 11, &??-omitted i n  the correlation. 

N 
N 
ra 

vmax/vl 

For the 65-(C&10)10 blades in  figure  7(a),  in  general, a correla- 
t ion  similar t o  that at minimum loss ( f ig .  6(a)) is obtained,  but a wide 
dispersion of the data occurs f o r  Vmax/vo, 2 greater than  about 2. It 
could  not  be determined,  because of insufficient data, whether the C.4 
circular-arc  blade shows a similar characterist ic at high diffusion 
ratios.  (Velocity-diztribution data at high angles of a t tack  were not- 
available  for blade 2. ) 

some of the sca t te r  of the data at v,,/v~ >2 i n  figure 7(a) may 
c 

be a t t r ibu ted   to  the w e  of the approximate V O , ~  f o r  the diffusion 
ra t io ,  since the error  involved tends t o  increase with increasing (e/c), 
(see eq. (2) 1. Howver, such ef fec ts  were not sufficient t o  account for 
the wide spread of the data. Another factor  fnfluencing the data spread 
may be differences  in the reduction i n  blade  circulation  arising from the 
growth of the upper-suryace boundary layer f o r  the  different cascade geom- 
etries. This e f fec t  would tend  to  give different values of measured V 
for a given wake momentum thickness. 

> 
" 

*,2 

Furthemume, there are undoubtedly specific  dffferences  in the indi- 
vidual developments of the blade surface boundary layers that contribute 
to  the  spread of the data in  .the  high-loss  region. It was  thought that 
large  differences  in bound&ry-kyer developments might mise  from the 
extremely steep  ve-locity  gradients that occur on the upper surface at the 
leading edge f o r  many of the blades at high angles of attack. However, 
such an effect  w&8 not distinguishable f r o m  the loss  and velocity- 
distribution data gvaLLable. E separation of the upper-surface b o u n d q  
Layer occurs i n  this region (as is s t r o  suspected),  there may be  laxge 
dif'ferences i n  the terminal  values of (7s2, depending on w h e t h e r  a com- 
plete  breakaway or gradual thickening of the boundary layer ensues. There 
is  also the  possibil i ty that -local laminar separation  effects may yet be 
present a t  -these hFgh angles of attack.  Finally, in view of the  large . 

velocity  gradients  existing i n  the leading-edge  region and the   f ln i te  
spacing between pressure  taps,  the  recorded peak velocLties may not 
necessarily be the true maximum values .  

" 

I 
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A t  any rate, it is obvious that the  correlation between (e/c), and 
v m o , 2  in   f igure 7(a) breaks down for   vdues  of diffusion r a t i o  greater 
than about 2 for  the 65-(C~&l0)10 blades. It i s  also reasona;ble t o  in- 
terpret  the  high data in t s  at minimum loss i n  f i  S(a) as indicating 
the same type of wide v / c )  spread at high V s z  aa in   f igure 
?(a). Thus, the  correlations of figures 6(a) and 7(aj show that a value 
of suction-surface V ~ V O , ~  of about 2 delineates  the region of UfTu- 
sion  ra t io  above  which large  increases  in momentum thickness are possible 
for  angles of attack at minimum loss and greater for  the 65- (C~&o) lO  
blades. 2 

In  the range of diffusion  ratio  less  than 2, somewhat smaller values 
of ( G / C ) 2  are  obtained  for u>a* in  f igure 7(a) than at a* ( f ig .   6 (a) ) .  
This difference is believed due mainly to   the  m o r e  favorable  pressure- 
surface  velocity  distribution, and therefore  smaller  pressure-surface 
wake contribution, at high angles of attack  (see f ig .  5) . 

For the 65-(AI)-series blades of reference 10, a somewhat dif'ferent 
picture is obtained, as indicated  in f j-gure 7 (b) . Far the 65-fl2AgIq) 10 
and 65-(12AgI&)lO blades and for most of the 65-(C2&Igb)lO blades, the 
( e / C ) ,  data f a l l  within  the limits of the data for the 65-(Cz&10)10 
blades in  f igure 7(a) (aa indicated by the dashed lines i n  fig. 7(b)). 
Hwever, there are many points that f alJ- far above the upper limit. Most 
of the high points below V d o ,  2 of 1.8 belong to  the blades that 
produced the two high points  in  f igure 6 (b) . These discrepancies  can  be 
at t r ibuted  to  loca l  laminar separation  effects. 

There may also be some question about the significance of the high 
points   a t  Vmax/Vo,2 greater  than 1.8. (These values  are a l l  high-angle- 
of -attack  points for the high-cambered blades at p 1  of Go and W. ) 
At  high  angles of attack,  the 65-(C-&21gb)10 blades experienced  severe 
localized  gradients of velocity on the upper surface a t  the  leading edge 
(see ref. 10 and f ig .  5(e) ) . It is quite  possible that the t r u e  m a x i m u m  
values of velocity may f a l l  between the surface pressure taps and be 
substantially greater than the m a x i m u m  values  recorded at the tap (the 
values of Vm, used i n  the plot of f ig .  7(b) are m a x i m u m  t8g readings). 
However, if the recorded  values  are  true maximums, then  these  blades at 
their  particular  test  conditions  represent a limitation of the  validity 
of the  diffusion  hypothesis  in terms of V-/Vo,2. 

" 

2With ( 0 / ~ ) ~ < 0 . 0 2   f o r  V-/V0,~p2.0, from equation (21, the ap- - proximate V O , ~  used i n  the diffusion r a t io  can be up to a b u t  10 percent 
less  than the exact  value i n  a true two-dimensional flow f o r  82 of 70° 
and a of 1.5. The limiting dif'fusion r a t i o  based on an exact V O , ~  
may then  be as low as 1.8. 
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Equivalent  Diffuslon  Ratio 

In   order   to  extend the diffusion  correlation  to design and eLnalysi.6 
cases  for which surface.velocity  data  are  unavailable, it is desirable t o  
establish an  equivalent  diffusion  ratio approximately  equal to V-/Vo,B 
that is based on readily  calculated inlet and outlet  condftions. The 
determination of an equivalent  diffusion  ratio is based on e quation (1) . 
With V1/V~,z obtained as before from cos p2/cos PI, it remains t o  
est&lish an empirical  correlation  for Vmax/vl. 

In  general, the maxtaum upper-surface  velocity  ratio ~ 2 1  in 
.the leading-edge  region of a conventional blade section is determined by 
the ef fec ts  of the blade thickness,  the blade cfrculation, and the angle 
of a t tack  (ref. 14). Examination of available  csscade data shows that 
Vm&l can be correlated against the product of the ra t io  of blade  cir- 
culation  to  inlet   velocity and the  cosine of the air inlet angle. Thie 
product, c U e d  the  circulation parameter r, in incompressible two- 
dimensionsl flow is given by 

The carrelation f o r  v&Vl against  circulation parameter fo r  the data 
at minimum-loss angle of a t tack  is sham i n  figure 8. An empirical equa- 
t ion  for V d l  at m i n i m u m  loss is readily derived for, the  
65-(C2&10)10 and C.4 circular-arc blades, as sham i n  figure 8(a), to  be 

-.. 

 he empirical  variation of equation (4) is  not as effectively  represents- 
t i v e  of the 65- (AI) -series bl&s as revealed i n  figure 8(b) . However, 
as w i l l  be sham. later, t h i s  i s  of no serious consequence. The equivalent 
diffusion  ra t io  at minimum loss designated by the symbol DZq is then 
obtained i n  terms of inlet and outlet  conditions from equations (1) and 
(4) a* 

I- 

The corresponding plot of (e/.); against D~~ at minwutn u s e  i e  .It 

shown i n  figure 9. Fnr the 65- (C&L~O) 10 blades i n  figure 9(&), although 
the band of the data is somewhat greater i n  figure 9 than i n  figure 

- 
6(a), the average  values and rates of increase of (e are considered 
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t o  be satisfactorily  expressed  in  terms of the equivalent  diffusion  ratio 
of equation (5) . It is also noted fn  figure 9 (b) that good correlation 
is  obtained  for a l l  of the 65-(AI}-series  blades. The 65-(12Ag14)10 
blades  (blade 61, which had previously  appeared low i n  the plots @st 
V,,/VO,~ (f ig.  6 (b) &, now f a l l  in  l ine  with  the  other data, because the 
computed values of Deq are  smaller  than the measured values  of 
(Vnaax/Vo,z)*. The lower values of DZq obtained  for  these blades are due 
to the smaller  values of (Vmx/V,)* given by the empirical  variation of 
equation (4) (fig.   8(b)).  

For angles of attack greater  than minimum-loss angle of a t t s k  a*, 
the  correlation between V&l and the cfrculation pasmeter I’ varies 
with the magnitude of the  angle  difference a - a*. As sham by the 
i l lustrat ive  plot   in   f igure 10, the slope of the  variation  tends  to re- 
main fixed  but  the  intercept  value changes with a - a*. Although con- 
siderable  scatter  existed  in  the  original data, especially at large values 
of a - a*, it was  possible  to  derive an average  empfrical  relation  for 
the  increase  in V-/Vl due t o  increasing angle of attack  in  the form 

From the data for the 65- (Cz&o) 10 blades, it was found that 
a = 0.0117 and b = 1.43. These constants also satisfactorily  described 
the variations of V&l wfth a - u* for the 65-(AI) -series blades, 
except that the  predicted  values are sonme&& higher than  the measured 
values  for the high-cambered 65-(Cz&I~)10 blade. However, since some 
question exists concerning the validity of the observed  values of 
V&l for  these  blades  (see  p. ll), it was decided t o  use the same 
constants  for all blades with the 65-010 basic  thickness  distribution. 
From the very  limited  available data for   the 10-percent  -thick British C .4 
circular-arc  blade, it appears that the  effect  of increase  in  angle of 
attack on Vmax/Vl may be somewhat  less than f o r  the 65-series blades, 
w i t h  a = 0.007 and  b  remaining as before. 

It is thus  established that 

- 
An example of the comparison between measured and derived  values of 
V-/vl for  the 65- (Cz&o) 10 blades of reference 9 is given in   f igure  
11. From equations (1) and (7}, then, the equivalent  difflZsion ratio 
becomes 

I 
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,where a = 0.0117 for the  65-series blade, and a - 0.007 for  the C.4 
circultxr-arc blade. 

According t o  equation i8) ,  the  equivalent  dufusion  ratio of a  blade 
section  at  any angle (a - a ) can be determined, for a given solidity and tp 

air inlet angle, if the air outlet m e  B2 is known. It is proposed N N 

that p2 be determined -in  the follming mazmer. If it is assumed that 
the air turning m e  & = B1 - p2] varies  essentially linearly wfth 
angle of attack  in the region from minimum Loss to   posi t ive stall, then 

e\, 

where a* is the turning angle and d(&)t)/du is the slope of the 
turni -angle variation at minimum loss. Representative  values of 
d{AP?yda. 88 a  function of d and derived from examination of 
available cascade data are given i n  figure 12, and values of minimum-loss 
a* and 43" are listed in  table  11. Values of' Ap* and a* for other 
cambers, sol idi t ies ,  or air inlet angles can  be determined from the avail- 
able turning-angle rules for the  particular  blade shape (e. g., C a r t e r  's 
r u l e  of ref .  15 f o r  the circular-arc blade) . 

I< 

" 

~ l o t s  of (e/c)  against  equivalent =fusion r a t io  D~~ given by 
equation (8) in  conjunction with equation (9) for measured data points 
at angles of attack greater than minimum loss are shown i n  figure 13 for 
a l l  blades. (More points  me  available  for the plots of (e/c), against 
Des than  against measured surface V A O , ~ ,  since  velocity-distribution 

65-(Alo)10 blades  (fig. ,U(a)),  although a somewhat greater  scatter of the 
data exists than in the o r i g i d  plot  i n  terms of ~max/v~,~ in  f igure 
?(a) (primarily  because of the scatter  in  the V&l carrelation), a 
value of Des of about 2, a8 before,  delineates the region al? possible 
rapid  r ise  in loss. A similar situation is observed i n  the corresponding 
plot For the C.4 c i r cu lax"c  blades shown i n  figure l3Ib). (A value of 
a A' 0.007 was used in  the  calculation of diffusion  ratio for these 
blsdes . ) 

. data were taken at only a few of the   teat  angles of attack. ) For the 

For the 65-(C2&21eb)10 blades  (fig.  l3(c)), it is now found that 
j u s t  about d l  the data faU within the limits of the s - ( c ~ & ~ O )  10 
blades. The improved correlation is the result of greater computed mag- 
nitudes of Des compared with the original values of Vmea/vo, 2 far the 

I- 

- 
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.# high data points  in  f igure 7 (b) . The higher values of Deq are a ref lec- 
i 

tion  primarily of the higher computed values of Vma/V1, as mentioned 
previously. The data fo r  the 65-(12Ag14b)10 and 65-(12A&)lO blades 
also f a l l  within the limits of the previous  correlations, as indkated 
in  figure  13(d). 

Loss Parameter 
N cu cu As indicated  previously, cascade loss data have been  presented i n  

terms of various  parameters. If the determination or calculation of the 
more fundamental wake  momentum thickness (e/c), i s  not  feasible, a sig- 
nificant  substitute loss parameter i n  terms of the total-pressure-loss 
coefficient % can be established  for use in cascade loss analyses. 

Theoretically,  for  incompressible two-dimensional-caacade flow, *om 
equation (CY) of appendix C, the wake momentum thickness is given by 

A t  conventional  cascade  measwin$-station  locations (1 t o  1.5 chord 

of attack,  being of the order of 1.08 (appendix D). Thus, for  the values 
of (e/c),  obtained  aver most of the diffusion range, the vaziation of the 
terms within the braces w i l l  be cmparatively small .  ‘phe wake momentum 
thickness will therefore vary primarily with the terms preceding the 
braces. A substi tute loss mameter 62 reflecting the momentum thick- 
ness (G/c), can thus be established a~ 

” lengths downstream), H2 varies l i t t l e  with blade  configuration  or angle 

A plot of t h i s  substitute loss parameter against equivalent diffu- 
sion  ra t io  at m i n i m u m  loss is sham in figure 14 to i l lue t ra te  the ef - 
fectiveness of the pameter. As i n  the case of the (B/c) ,  correlations, 
it was necessary to use faired  values of when local bmbmx sepa~ca- 
t ion  effects  were apparent.  (Differences between the (B/c),  correla- 

possible  differences  in  the  respective  fairing  processes as well as to 
the  neglected terms i n  eq. (10) . The values of total-pressure-loss 

-. t ions  of f ig .  7 and the P correlations of f i g .  14 me  therefore due to 

- parameter in   f igure 14 are mass-averaged vslues. 
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DISCUSSION OF RESULTS - 
Signfficance of Correlations 

The correlations of wake  momentum thickness (8/c), with upper- 
surface  diffusion r a t i o  V-fio obtained  for  the  avaihble  case&. 
data in  f igures 6 and 7 are conshered  to  indicate an essential  confirma- 
t ion  of the  basic  diffusion  hywthesis  for  values of Wfus ion  r a t i o  less  
than about 2 .O. This is based on the observation that, for each family rp 
of blades, with minor exceptions, a well-defined  relationship Independent g -  tu 
of solidity,  stagger angle, or camber i6 obtained between (e/c), and 
V&*,z. (The poor cor re la t ion  observed fo r  some of the SS-(C~&~I~>lO 
b;tades at higher than minimum-loss angles of attack  in  figure 7(b), 88 
discussed on p .  11, may not necessarily constitute a v i o l a t i o n  of the 
hypthesis.)  .Fundamentally, these results (within their limitations), 
as well as the results of references 5 and 6, suggest that  the first=order 
determinant of' the boundary -layer growth resulting from a diffusion in 
velocity on a conventional  drfoil-.surface is the over-all.  diffusion on 
the surface Vmax/Vo,2 rather than the specific  velocity  distribution, 
at least  for values of diffusion  ratio up t o  about 2. 

. " 

The fa i lure  of the data for  the 65-(12AgIq}lO blade t o  fall within 
the limits of ( e / C ) ,  of aJ-1 the other blades in  f igure 6(b)  (attributed 
t o  a more favorable lower-surf ace velocity  distribution)  indicates that 
the magnitude of the  values of (8/~)2 in the diffusion  correlation f o r  
a given blade family will also depend, at least at minimum loss, on the 
diffusion on the lower surface. The development of a universal  diffusion 
correlation  covering a wide range of blade f amiliee m i g h t  require a more 
complete analysis i n  which the dfffusion Iryp0thesi-a is applied  to both 
the upper and lmr surfmes separately.  available loss data, how- 
ever, do not permit an evaluation of the  individual  bounw-layer con- 
tributions from each surf ace. 

The essentially  universal  correlations  obtained f o r  (8/c), when 
plotted  against  equivalent  diffusion  ratio Des in ffgures 9 and 13 may 
be of considerable practical value in that they provide a meam of e s t l -  
mating theoretically  the magnitude of the Loss i n   t o t a l  pressure and the 
s t a l l  regions of conventional blade sections such a8 those analyzed- 
herein. Examples of the use of these plot8 for  such purposes are consid- 
ered in   the  following eections. 

Estimation of TotaL-Pressure Loss 

AS. developed in  reference 1 (from eq. (IO)), the total-pressure-loss 
coefficient at the cascade measuring station is  given by 

.- 
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i n  which, fo r  conventional  measuring-station  locations of about x/c = 1.0 
t o  1.5, Hz can  be taken  constant at 1.08 (appendix D) . Thue , for  a blade 
of given sol idi ty  and air inlet and outlet  angles, the loss i n  total pres- 
sure can be calculated if the momentum thickness is knm. The wake mo- 
mentum thickness ( Q / C } ~ ,  however, can  be estimated from representative 
empirical  variations of (0/cI2  against Des obtained from the data cor- 
relations of figures 9 and 13. For example, for  calculation purposes, a 
representative average  curve for  (e/=); at minimum lose can be established 
from figure 9 as sham in figure 15. 'flhe calculation of Dzq (from eq. 
(5)) from the  given  values of u, pl, and p2 then  yields  (0/c)g f'rom 
figure 15 and from equation (12). 

I l lus t ra t ive   ca lcuht ions  of the  variations of minhm-loss total- 
pressure-loss  coefficient  with bla& sol idi ty  Q obtained from this 
procedure are shown in  f igure 16 for a range of values of air inlet Ebngle 
8 1  and air turning angle aB*(B2 = B1 - AB) The sharp r i s e   i n  loss 

% coefficient at the lcrwer solidity values in  figure 16 is a r e s u l t  of the 
I rapid increase  in  diffusion  ratio as solidity i 6  reduced. !Be circles on 
3 the curves  indicate  the  points_.at which the  diffusion  ratio is e m  t o  
-0 
4 
" 2.0. (At p1 = 60°, is greater than 2.0 at all.  so l id i t ies  for 

Ap* = 300 and 40°, fig.  16(c) .) 

In a similar manner, procedures canbe  established for estimating 
the  total-pressure loss at angles of a t tack greater thau the minimum-loss 
point by the use of representative momentum-thickness - =usion  curves 
from figure 7 o r  from figure 13 and the equivalent  dmusion  ratio of 
equation (8). 

When cascade blade sections are used &B the elements of a compressor 
stage,  the magnitude of the m i n i m u m - l o s s  coefficient is not the sole 
measure of the  effectiveness of the sectfon. The section e b a t i c   e f f l -  
ciency , fo r  example, will depend also on the work input across the element - 

and the dynamic head of the  relative idlow. Furthermore, the selection 
of a design  solidity will generally also be  based on consideration of the 
unstalled or useful range of operation of the section, since this factor 
will also vary with solidity.  The inflwnce of sol idi ty  OR the unstalled 
range of a blade is illustrated i n  a later section. - "- 

Various  concepts and definitions of blade stall have been  used in  
cascade practice. In general, b l ab  s t d l  refers t o  the condition Where 

i 
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a marked deterioration of the- flow occurs as a resu l t  of the growth or 
separation  of the boundary layer on one of the blade surfaces. Specifi- 
tally, blade stall has been defined t o  occur, for example, when the loss 
attains twice i t s  minimum value, when a relatively marked decrease i n  
turning  angle is observed, cr when a certain rate of increase  in loss is 
attained. A m o r e  universal  indication ccf blade stall  is suggested by the 
correlations  presented  in figures 6, 7, 9, and 13, if the high  values of 
(e& at V m s x / v ~ , ~  or Deq greater than about 2 artre interpreted as 
representing stalled flow. Thus, a stal l ing  cr i ter ion at minimum loss 
BB w e l l  as at greater  angles of a t tack  can  be established 8,s the upper- I i 

surface diffusion  ra t io  in either i ts  specific  or  equivalent form (eq. i 

(8) ) . The stalling diffusion  ratio,  defined  herein as the  value of Des 
above which a large rise in loss i s  possible  for these blades, is indi- 
cated  to  be about 2 for all the low-speed data considered. The value 
of 2 can also be adopted as the s t a l l i n g   r a t i o   i n  terms of measured 
V-/Vo,2 f o r  all blades if the deviations of the data for the 65- 
( C 2 & 2 I 8 b ) l O  blades i n  figure 7(b) can be discounted. This limiting 
value of Vma/V0,2 for 65-(C,&10)10 blades is i n  agreement with the 
results  obtained  in  reference 7. 

- 

A comparable indication of the lower-surface diffusion r a t i o  asso- 
ciated with blade B t a l l  at low angles of attack  (negative stall) could 
not  be  investigated because the available data did not show lower-surface 
peak velocities  considerably greater than tk-upper-surface peak veloci- 
ties. Eowever, it is believed that a similar limiting  diffusion ratio 
exists for the lower surface at negative stall. 

c 

.- 

Estimation of Unstslled Rmge 

The equations for  equivalent  diffusion  ratio developed i n  the empir- 
ical.  analysis can be used to   obtain an estimate of the low-speed u n s t a e d  
range of operation of conventional  blade  sections. A t  the   s ta l led condl- 
tton, from equation (a), 

where us - Core is the  angle-of-attack  range from reference minimum loss  
to  posit ive stall, hereinafter  called  the half range. For cascade opera- 
t ion at fixed a i r  -inlet  angle, the equivalent  diffusion  ratio at stall  

can be expressed i n  terms of conditions at mintmum loss (*om eq. 
.- 

D e w  
(9)) as 
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Thus, for a fixed value of Deq, and given  values of fl; and u, the half 

Calculated  variations of  half range with 43" and u are shown in  f igure 
17 for  Deq,s = 2.0 and a = 0.0117. 

- 
t range as - a* can be computed as a function of p; and consequently a". 

The unstalled half range  can also be determined as a function of the 
diffusion  level at minimum loss, since D& (eq. (5)) can be  computed from 
the quantities  in  equation (14). Plots of as - a* against DZq for  
Deq = 2.0 and a = 0.0117 are shown i n  f F g u r e  18 t o  illustrate the effect  
of minimum-loss or "design" diffusion on unstalled range at fixed air in le t  
angle. . .  

If the va lues  of half range obtained are mult ipl ied by 2, the range 
' of angle of attack from positive stall t o  a value of equal  total-pressure- 

loss coefficient on the low-angle side is obtained. Furthermore, if this 
point at low a can be regarded 88 the point of negative stall, then the 
complete unstalled range of operation can be  obtained from equations (13) 
and (14) . 

4 & I n  the present  calculations, blade stall was taken to  occur at a 
diffusion  ratio of 2.0, since it represented the region of possible large 

7 r i s e   i n  loss. In  many cases  (figs. 7 and l3), however, considerably 
3 " larger  values of diffusion  ra t io  were noted  without any sudden rise i n  

loss. A potential for increasing the uns td led  range of operation  of 
cascade sections may therefore exist, if the various factors e e c t i n g  the 
loss variat ion  in  this region can be determined and controlled. 

Limitations and Restrictions 

The results obtained f r o m  the loss  correlations  presented  herein 
necessarily  contain  several  limitations and rest r ic t ions  per ta ining  to  
the blade surface velocity  distributions (88  affected by blade shape and 
maximum thickness), the flow ReynolaS number, the flow inlet Mach nmber, 
and the two-dimensionality of the flow. It is desirable that these l i m i -  
ta t ions be kept i n  mind in any application  or  extension of the results. 

Blade shape. - An important factor determined by blade shape (i. e., 
thickness and mean-camber-line distributions) that was revealed t o  in- 
fluence  the  correlation of momentum thickness with upper-surface diffusion 

favorable lower-surf ace diffusion  in  producing a smaller wake momentum 
thickness for  a given  value of upper-surface diffusion  ratio has already 

- r a t i o  is the lower-surface velocity  distribution. The influence of a mure 

- been noted i n  the correlation  for  the 65- (12AgIq)lO blade at minimum loss 
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in  figure  6(b). Thus, blade  shapes that produce lower-surface  velocity 
distribution6 markedly different from those of the reference blades m a y  
not experience similar upper-surface  diffusion  comelatiom. The effect  
of different  lower-surface  diffusion, however, will generally  tend t o  
decrease with increasing  angle of a t tack  or diffusion r a t i o  because of 
the reduced contribution of the Sower-surface f l o w  t o  the t o w  blade 
wake for  these  conditions. 

It m i g h t  also be expected that t he  chordwlse location of the upper- 
surface peak velocity  affects the diffusion  correlation because of the 
var ia t ion   in   in i t ia l  boundary-layer state that m i g h t  occur at the start 
of the  diffusion. Although the peak velocit ies  in  the data were observed 
t o  occur between the  leading edge-and the midchord point at minimum-loss 
angle of attack, no distinguishable  trends  could  be  noted that were  due 
t o  these  different  locations. Ebwever, t h i s  may not always be  the  cme. 

c 
N 
N 
N 

Finally, it is noted that the  correlations i n  terms of equivalent 
d i f fus ion  r a t io  ( f ig s .  9 and 13) do not appear t o  be sensitive t o  blade 
shape because of the  previously  discussed compensating effects of the  rela- 
t ion between the measured  and empirical  values of V-/V1 ( f ig .  8(b) ) 

M a x i m u m  thickness. - The empirical  correlations a8 well a8 the pre- 
vious  discussions  are based on blades of a f ixed  ra t io  of maximum- c 

thickness t o  chord length of 0.10. Theoretically, the 10813 and stall 
characteristics of a blade section will vary with maximum blade-thickness 
because of the  influence of the  thickness on the m a x i m u m  surface 
velocities. 

" 

At minimum loss, the variation of calculated  (8/~)2  with measured 
upper-surface V&O 2 far the loss data of reference 16 indicates an 
increase  in wake motnen&m thickness with blade m a x i m u m  thickness as shown 
in  f igure 19. Apparently, factors  other  than  the  increased  upper-surface 
diffusion  ratio  (i.e.,  poorer  lower-surface  velocity  distribution and 
larger  trafling-edge  thickness  ratio) ere involved i n  the increase  in 
minimum-loss (8/c),  with maximum thickness. These data  suggest that, 
for purposes of loss estimation, a family of representative  curves of 
(e/c)  against V a o ,  may be constructed fcrr various maximum thick- 
ness,  in which the minimum-loss diffusion  ratio for all thickness is cal- 
culated as before for the 10-percent-thick  section (eq. (5) ) . 

It is further  noted  in  the  limited  experimental data of reference 
16 that the  value of V&o,z at which a sharp r i s e   i n  (8/c)2  occurs 
ten&  to  increase 88 maximum thickness is reduced. However, since the 
ra te  of increase af V&o,2 wlth a tends t o  increase with reduced 
thickness, a net decrease in unstalled range is  obtained as m a x i m u m  
thickness is decreased  for  these data. 

I- 

- 
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In  view of the  presence of i r regular i t iee   in   the data of reference - 
# 16 due to   l oca l  1amina.r separation  effects, however, it is not known t o  

w h a t  extent the specific changes i n  loss and stall  characteristics ob- 
served f o r  the changes i n  m a x i m u m  thickness of the 65-(12Alo)lO blade i n  
reference 16 .represent  universal  trends for all cascade sections. Gen- 
e r a l  maximum-thickness corrections  to  the loss and stall characteristics 
of the 10-percent-thick  sections 88 derived  herein are therefore  not 
currently  indicated. 

N 

N 
N Reynolds number. - Since the loss and stall duwacterist ics of cas- 
d cade sections depend on the  surface boundary-layer developrment, It is 

expected that these characteristics w i l l  be influenced by such factors 88 
blade-chord Reynolds number, free-stresm  turbulence, and blade  surface 
roughness. The data of the present  analysis =e r e s t r i c t e d   t o  Reynolds 
numbers between 2 . 0 X 1 0 5  and 4.45X105. It is presumed that reduced wake 
momentum thicknesses and possibly  larger  values of s ta l l ing  diffusion 
r a t i o  will occur at higher Reynolds nuibers and turbulence  Levels (espe- 
cial ly  if local  lamina separation effects are no longer  present),  but 
no specific  indication of the magnitudes involved is available. 

Suction-surface diffusion ra t ios  st separation  for  isolated  airfoils 
were found t o  be between 2.3 and 2.9 at a chord  Reynolds number of 6x106 
in  reference 6. Emever, since  the  definition of s e p a t i o n  in reference 
6 may not  correspond t o  the definition of s t a l l  considered herein, it is 

r a t io  compared with the cascade @ f o i l  can be attributed t o  incressed 
Reynolds numbr. 

-. 
" not knm t o  w h a t  extent this apparent  increase in   s ta l l ing  diffusion 

Compressibility. - It is well known that, as inlet Mach number in- 
creases,  compressibility  causes an increase i n  the surface diffusion 
ratios of a given  cascade configuration.  Increased wake thickness and 
reduced  range of unstalled  operation  result. The low-speed correlations 
obtained herein are  therefore  not  representative of high Mach number 
performance . 

Specifically, an extension of the current  correlation approach t o  
high subsonic Mach numbers (In absence of shock waves) w i l l  involve  the 
establishment of further  empbical  relations far V&l over a range 
of inlet Mach numbers. The compressibility  effect on the V s 0 ,  r a t i o  
(ax id   ve loc i t ies  are no longer  equal at inlet and out le t   in  a compressible 
cascade f l o w  must also be accounted for, and a compressible re la t ion 
between [Q/c and $ needs t o  be derived. 

- " 

When shock mves  are  present on the blsde eurfaces at high subsonic 
Mach numbers, the theoretical  low-speed model of the  outlet  flow as ea- 

s u e  is no Longer constant across the  blade spacing, and the Location of 
the  points of m a x i m u m  velocity  can vary considerably along the surface, 

- tablished  in figure 2 is no longer  applicable.  Free-stream total pres- 
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depending on blade  solidity, stagger, and back pressure. In such  event, 
the presence of generally greater i n i t i a l  boundary-lqrer  thicknesses and 
possible complex interaction phenomena at the st& o H h e  velocity  dif- 
fusion  requires a complete reevaluation ai? the  diffusion concept and re- 
lations.  Furthermore, i n  the presence of shock w-av-es, the substi tute 
mass-averaged total-pressure-loss parameter 51 of equation (El) will no 
longer  represent the blade-wake momentum thickness. 

'Pwo-dimensionality. - Another l imitation of the derived  correlatiorm 
pertains   to  their applicability  primarily  to two-dimensional flows. In 
axial-flow blade rm, various  three-dfmensional  effects such as second- 
ary flows, Bpanwise boundary-layer flows, and changes i n   r a t i o  of i n l e t  
t o  o u t k t  axial velocity and streamline  radius  occur which can materially 
affect  the loas and stall re la t ions of a given  blade  section. In an 
elementary w, changes i n  axial veloci ty   ra t io  can be introduced i n  the 
current  expressions  for  equivalent  diffusion  ratio by considering now that 

Similarly,  change i n  streamline radius  across the section can be included 
by considering the circulation term in  terms of rzVy, and q V Y ,  1. 
However, only c q a r a t i v e  experimental  investigat-iom  can  indicate t o  
what extent the current loss a& stall relatiom can  be  effectively ap- 
plied to   sect ions in compressor blade rows. 

. .  

k b  
N 
R) 
N 

" 

" 

The preceding  analysis of law-speed-cascade data has shown that sig- 
nificant experimental correlation between loss and velocity  diffusion can 
be  obtained for several conventional  10-percent-thick low-speed compressor 
blade sectiona if  the loss is expressed i n  terms of the r a t i o  of wake mo- 
mentum thickness to chord length and the diffusion is  expressed i n  terms 
of the r a t i o  of measured maximum upper-surfwe  velocity to outlet  velocity. 
A well-defined  relationship between wake momentum thickness and upper- 
surface diffusion  ra t io  was obtained for a wide range of blade configura- 
t ions  far values of diffusion  ra t io  up t o  about 2 i n  most cases, after 
which a wide sca t te r  of the data is observed.. It was also indicated that 
the form of the lower-surface  velocity  distribution and the m a g n i t u d e  of 
the maximum blade  thickness can influence the magnitude of the proportion- 
a l i t y  between wake momentum thfckne6s and upper-surface  diffusion  ratio. 
Fundamentally, these results (within their limitations)  suggest that  the 
first-order determinant of the boundary-layer growth resul t ing from a dif- 
fusion  in  velocity on 8 conventional  blade  surface is the  over-all  diffueion 
on the  surface V-/VO,~ rather than  the  specific  velocity  distribution, 
at least f o r  values of diffusion  ra t io  up t o  about 2. 

.- 
L 
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. From derived  eupirical  relations, it was possible  to  establish  an 
0 equivalent  diffusion  ratio expressible i n  t e r n  of the velocity triangle 

and blade  solidity.  Within the restr ic t ione of the data (range  of  blade 
configurations  tested,  range of Reynolds number, low-speed two-dimensional 
flow),  an  essentially  universal  correlation between mke momentum thick- 
ness and equivalent  diffusion  ratio m8 obtained a t  angles  of  attsck a t  
minimum loss and greater  for a l l  blade  configurations. The possibi l i ty  
of  blade stall a t  minimum-loss and greater angles of attack, as evidenced 
by a sharp rise i n  wake momentum thickness, was indicated  to occur when- 
ever the equivalent  diffusion  ratio attains a value of about 2. 

With the use of the  equivalent  diffusion  ratio, means for  estimating 
the low-speed total-pressure loss and the unstalled  range of operation of 
similar conventional  cascade  sections as functions of solidity,  air inlet 
angle,  and air turning angle were established.  Calculations showed that 
minimum total-pressure loss generally decreased with decreasing  soliaity 
un t i l  a value was reached at which the diffusion becomes excessive,  and 
the loss then rises sharply. For normal design ranges, the lowest 
d u e s  of total-pressure loss occurred at so l id i t i e s  less than unity. 
The range of angle of attack from minhum loss to positive stall was 
found t o  be a p r i m y  function of the equivalent  diffusion  ratio at min- 

dfff us ion rat io. 
-. i m u m  loss, calculated  range decreasing w i t h  increasing minimum-loss 

I- 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, Navember 23, 1956 
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CAIXULATION OF MO" THICRNESS FRCM WAKE FORCE COEFFICIERP 

The wake force  coefficient is defined in  t e r n  of i n l e t  
9 1  

dynamic head (ref. 9 as 

where Fw is the wake  momentum force  per  unit Bpan expressing  the momen- 
tum dif'ference between the  free-stream flow and the wake flow. From 
equation ( 6 )  of reference 9 (using  the  coordinate ,system of f ig .  l), 

Fw 
PVzy2IV0,2 - v21 aY 

where the  subscript 0 refers t o  free-stream conditions  outside  the 
wake. SuBstitution of equation {A21 Into  equation (Al )  for- constant 
angle  across  the wake then fields 

P s/2 

cw,1 - 

Y 

" 

Since the free-stream  velocity is constant between the wakes in the 

the weke momentum thickness OY. Thus, equation (A31 becomes 
of the measuring station  (fig. 2) , the integral  term i n  equation 

Since the p k n e  of integration  in the equation developments (cascade 
out kt measuring station) is s u ~ ~ i c i e n t  IY far downstream (of the order " 

of 1 t o  1.5 chord lengths behind the blade), changes i n  wake chmacter- 
i s t i c s  along  the  direction of flow will be very small (ref. 2). C m -  
sequently,  the wake thicknessee normal t o  the axial   direction (srrbscript c 
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I y) can be  expressed a8 the  conventional  thicknesses normal t o  the  outlet 
flow (no s&script) as 

Thus, from equations (A4) and (A5), the momentum-thickness r a t i o  is given 
by 

Equation (A6) points   to  one of the major difficulties i n  the accurate 
determination of the momentum thickness from the measured loss coeffi- 

that existed  in  the  various cascade tunnels.  Since 
3 cients, namely, the  correct values for free-stream  velocity r a t i o  Vfi0,2 
I 

3 . .  

" 

it is seen that the velocity r a t i o  is a flmction  not  only of the rressured 
air angles but also of the  free-stream axial velocity  ratio &cross the 
blade. The axial   velocity  ratio of equation (A7) is a measure of the  
degree t o  which two-dimensional 'flaw has been  achieved acmss the cascade. 
I n  law-speed flaw this r a t i o  is frequently  referred t o  88 the  cascade 
contraction  ratio. Values of contraction  ratio have not  generally been 
identified  in  conventional cascade performance evaluations. It was there- 
fore  necessary  in  the developments t o  make an assumption  concerning the 
two-dimensionality of the cascade tunnels  in  question  in  order  to  evaluate 
the axial velocity ra t io .  Since good two-dimensionality  control w a s  
exercised f or a l l  of the  casmde data (refs. 9 t o  12), it waa assumed 
tha t  two-dimensional flow w a s  obtained in   the  cascade f o r  a l l  
configurations. 

For two-dimensional  inccunpressible flow with uniform upstream con- 
ditions,  continuity  requires that 
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Now, equation (A8) can be eqressed as 

HACA RM E57A28 -. 

- 

so  that, with  the  integral 
thickness 83: (fig. Z), it 

term  being equal t o   t h e  wake displacement 
foUows that  rp 

LY 
ri 
e\: 

or, from equation (A5) and the definitions of form factor H .I S*/6 and 
sol idi ty  u = C/B, 

- 
- 1  

(AIO) into  equation (A6) then yields f o r  two- Slibstitution of equation 
dimensional flow 

end, by  quadratic  solution, 

where- 

For wake coefficients  expressed in  terms of some other  reference 
condition (e.g., vector mean or  outlet conditions),  relations equivalent 
t o  eqwtion ( A l 2 )  can be obtained from the use of the  equality 

I- 

d 
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Values of H2 used in  the  calculations of ( O ~ C ) ~  based on the w a k e  - coefficient and the other loss parameters were determined  according t o  
the  considerations  presented i n  appendix D. 
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C m T I Q m  OF MO" THICKNESS FROM DRAG COEFFICIENT 

The drag coefficient is defined as the   ra t io  of t.&e drag force  per 
unit  blade  area t o  s m  reference d m c  head as 

where FD is the  drag  force  per unit blade span. The drag force  in in- 
compressible f l o w  is evaluated as the component of the  total   force  paral le l  
to  the  vector mean velocity between blade  inlet (far upstream) and blade 
outlet (far downstream), as indicated  in  figure 20. Reference velocities 
generally used me  the  inlet  velocity,  the  outlet  velocity, and the  vector 
mean velocity between in le t  and outlet. The total blade force i= computed 
f-rom the axial and tangential  force conq?onents,- w h i c h  are determined from 
measured velocities and pressures. 

In  current cascade practice,  different metho& of calculating  the c 

drag force  exist, depending on whether the  effects of the  velocity  defect 
in  the  blade wake are  considered  in  the  evaluation of the t o t a l  force F 
and the  vector mean direction & (as discussed in  ref. 12). In  the 
present analysis, it w&s necessary t o  coasider that a l l  reported drag 
coefficients were the  theoretically  correct  values. 

-. 

Became of' the   coqlex  re la t ion between the drag force and the 
tangential and axial force components  (which are determined f r o m  measured 
velocities and pressures) at the measuring station, it was not possible 
t o  obtain  directly a relation between drag coefficient and wake momentum- 
thickness ra t io .  Equat-fons f o r  (e/c), therefore had t o  be deveLaped i n  
an indirect manner as f o l h m .  Since the drag coefficients  are aesumed 
to be the  theoretically  correct ones, they w i l l  be  independent of dbtance 
behind. the blade. Thus, if a point suff lc lent ly  far downstream (station 
subscript 0 )  is considered such that the wakes have completely mixed 
with  the  free-stream flow, the  velocities,  pressures, and angles will all 
be untPorm across  the- complete blade spacing. 

For uniform otrtiet condTtions, from figure 20, the drag force is 
given by .- 

FD = Fy sin & - F, cos $1 
4 
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Since  two-dimensional flaw is assumed, the  axial  velocities at i n l e t  and 
Outlet w i l l  be equal. The axial  force FZ then  results  only from the 
change in   s ta t ic   pressure &cross the  blade, which in the  presence of 
losses is given by 

, 

or 

The force in the  tangential  direction is determined by the momentum change 
in  the  tangential  direction, or 

Equation (B2) then becomes f'rom equations (B3) and (B4) 

With (from f ig .  20) .- 

and 

substitution of these  terms  into  eqmtion (E) reduces that equation t o  

FD 
s cos s, 

Dividing equation (B7) by free-stream dynamic head at the &let 
measuring stat ion pVo,2, with CIS = b, gives 1 2  
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By definition,  the drag coefficient based on outlet  velocity is given  by 

so that, finally, 

From the developments of reference I, it can be shown that the 1088 
for complete mixing far downstream can be related t o  the w a k e  momentum- 
thickness  ratio a t  the measuring station  (station 2)  by  the  equation 

It is further shown i n  reference 1 that, if the wake form factor is not 
greater than about 1.2 (Xi€ch is the case for the cascade data considered 
herein), the term involving  sin2SZ wi th in  the braces i n  equation (BLO) 
can be neglected, so that f o r  practical. purposes 

From equations (B9) and (B11) it is then found that 

S t r i c t l y  speaking, in. equation {BIZ), is determined in terma ~f o u t k t  
conditions far downstream where complete mixing ha6 occurred  (station m). 
However, for pract ical  purposes, it w a s  sufficient t o  assume that B, I p2 
(ref. 2) BO that, from equation (B6), 

n.J 
rp 
N 
N 
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For the drag coefficient based on in l e t  dynamic head, division of 

equation (B7 1 by p V 1  yielas 1 2  

- ucD, 1 
9,- = cos 

For two-dbens iona l  flow, from reference 1, 

S ~ s t i t u t i o n  of equation (B15) into  equation (B14) then permits a @ad- 
ratic  solution for (e/c)Z t o  give 

L 

I- where 

b = cos "' s, )('Os COB J 
For the drag coefficient  based on the vector mean veloci ty  vm, 
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The solution for (8/cj2 is then given by 
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where 

” 

L 
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The total-pressure-loss  coefficient  based on some reference dynamic 
head is  defined i n  low speed as 

where (&)2 is the average loss in   to ta l   p ressure  rrp t o  the cascade 
measuring station. The average loss in  total   pressure  in   the messuring 
plane is  expressed i n  terms of either an area average  given by 

o r  a mass average  given by 

For reference 1, the mass-averaged total-pressure-loss  coefficient 
based on outlet  dyna&Lc 
wake characteristics at 

head (s&script 2) is-gfven i n  terms of the 
the measuring station by 

from w h i c h  is obtained  for the momentum-thickness r a t i o  
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For loss coefficients  based on inlet  velocity, 

where the  free-stream  velocity r a t i o  Vo,2/Vl f o r  two-dimensional flar 
is evaluated  according t o  equation (AIO). Substitution of equation (AlO) 
into  equation (C6) and equat-lon (C6) in to  (C4) then  yields 

In view of the complicated  cubic  equation  involved in the  explicit  eolu- 
t ion f o r  (e/+, for  practical  pmposes an iteration  solution of equation 
( C 7 )  can be  used. For the  ini t ia l   calculat ion,  ( 8 / ~ ) ~  within  the  brackets 
can  be taken t o  be equal t o  the  product of a l l  the terms outside  the 
brackets  in  equation (C7 1. Three iterations  are  generally  sufficient t o  
produce results of acceptable  accuracy. 

In cascade practice,  the loss in   total   pressure is  generally  pre- 
sented as an area  aver e of the  defect in total   pressure  in  the wake as 
defined by equation (Cy . It is necessary,  tEerefore, t o  convert  the 
area-averaged loss t o  a  mass-averaged loss f o r  use in   t he  equations f o r  
(O/c ) 2, where 

Curves of the  ra t io  of mass-averaged t o  area-averaged  total-pressure-loss 
coefficient -+A derived from experwental and theoretical  constbra- 
t ions were determined in  reference 2 as a function of downstream distance 
x/c  and the r a t i o  of f u l l  wake thickness t o  normal blade spacing 6/s,. 
The derived ratios are shown i n  figure 21. 

Since  values of 8/sn were not known f o r  the  amilable cascade loss 
data,  they can  be estimated  according t o  the  following  considerations. 
Examination of experimental  data showed that the   ra t io  of wake  momentum 
thickness t o  full thickness  could be represented on the average by the 
curve In figure 22. The. derived curve in  f igme 22 w a s  obtained from the 
data of reference 2. Values of 6/sn for a given  cascade  geometry and 

N 
c 
N 
N 

e 

1. 
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- X/. location  were then obtained f’rom Etssmed values of e/c f’rom the 
relation 

- m -  sn c cos $2 
- =’x 

N 
cu 
N 
4 

in conjunction  with  figure 22. Several tr ial  vslues of Q/c are used t o  
determine trial values of 7i!$&EA in the calculation of e/=. Correspond- 
ence of the trial and  computed  values of Q/c then determines the correct 
value of e/c. 

I 

.- 
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WAKE FORM FACTOR 

NACA RM E57A28 
'I 

c 

I n  the absence of  speclfic  experimentaI data concernfng the magni- 
tudes of the wake form factors encountered in  cascade f l o w ,  it was nec- 
essary  to assume representative  values of H2 for  use in the calcula- 
t ion  of (-@/c),  over the range of in te res t  of the various  cascade sec- 
t ions.  Reference 2 showed empirically that cascade wake form factor H 
decreases rapidly with distance downstream of the cascade x/c depend- 
ing on the initial value of form factor a t  the trailing edge %e. For 
a range of values of qe from 1.4 t o  3.0 (repksentLng  zero  diffusion 
flow t o  badly separated flow), the corresponding range of values of H 
was quite small a t  the conventional  measuring-station  Ucatione of 
x/c = 1 and 1.5. The possibil i ty of using one average  value of Hz at  

. ". 

a given station  location over a wide range  of  cascade  geometries and 
angles of attack (and  consequently Hte) was therefore suggested. Exam- 
ination of the various  conversion  equations used and the Umite of' var-  
ia t ion o f  H2 given by the empirical  relations of reference 2 revealed 
that errors of  about &l percent  or less i n  the magnitude of (8/c) 2 m i g h t  
be  introduced by the use of a constant  value of H2 at- a given  station 
location  for  the loss  data considered. Values of IIz selected  for the 
calculations of (f3/c), were 1.08 a t  x/c = 1 and 1.07 a t  x/c = 1.5. 

L 

-I 
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APPENDIX E 

CALCULATION OF TOTAL-PRESSURE-LOSS COEFFICIENT 

For the  computations of total-pressure-loss  coefficient from meas- 
ured drag coefficients, it was noted  from the   resu l t s  of  reference 2 
tha t ,  a t  the  measuring-station  locations of the available cascade data 
(1 t o  1.5 chord lengths downstream), the  total-pressure-loss  coefficient 
a t  the   s ta t ion  51 should be very  nearly equal t o   t h e  loss f o r  complete 

uring sta t ion  was determined  from  equation (B14) and (B18) as 

N 
N 
N 
d mixing 51,~. Thus, the  total-pressure-loss  coefficient at the  meas- 
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TABU 11. - ANGU aF ATTACK AND TURKDTG ANGLE 

AT REFERENCE Bflm" u)9s 

(a) NACA 65-(Cz&10)10 blades of' reference 9 (blade 1) 

T 1 
30 l i d i t  yJ 

Q 
Design 
lift 
coeff i- 
c ient , 

4 
12 
18 

4 
12 
18 

0 
4 
8 

12 
15 
18 
21 
24 
27 

- 4  
8 
12 
15 
18 

0 
4 
8 
12 
15 
18 
21 
24 

p 1  = 

a*, 

"" 

"" 

"" 

"" 

"" 

3.0 
7.1 
10.7 
14.6 
17.8 
20.5 
"" 

"" 

"" 

8.0 

16.6 

22.5 

"" 

"" 

4.0 
8.5 
13.2 
19.1 
21.2 
24.0 
"" 

"" 

E 
N 4*, 

hi3 

"" - " - 
"" 

" 

"" 

"" 

2.6 
6.6 
9.4 
13.3 
E. 2 
_"I 

"-1 

"" 

-"I 

6.8 
12.2 
15.9 
17.9 
"" 

2.7 
8.2 
13.3 
18.6 
21.0 
"" 

"" 

"" 

0.5 4.0 
7.7 
10.0 

3.0 
8.7 
L3.0 

"" 4.5 4.0 
"" 10.1 12.2 
"" 12.0  16.8 

6.1 
10.6 
14.5 

4.8 
14.3 
20.2 

"" 

"" 

"" 

0.75 

1.00 

"" 6.1 6.0 
"" 12.1 16.6 
"" 17.5  26.2 

1.8 
7.7 
12.8 
3-8.6 
21.7 
25.2 
26.3 
"" 

5 -5 
7.1 
8.2 
10.6 
10.3 

2.3  3.5 1.8 5.0 
9.5 7.1 8.7 7.5 
16.0 9.6 15.2 10.2 
23.1 l3.6  20.9  13.6 
29.2 1'7.3 26.8 14.3 
33.7 18.0 29.6 15.0 
"" 21.1 34.5  17.6 ---- 24.2  39.6 ---- ---- 26.2  42.6 ---- 

c 

b, 

"" "" 

1.25 10.6 8.5  10.2 

26.0 16.6 24.7 

37.2  22.5  34& 

"" "" "" 

"" "" "" 

9.5 8.9 8.0 
10.7 

16.1  21.4  12.6 
"" "" u.3 
19.0  28.0 ---- 

""  "" 

' 8.0 
110.0 
'12.2 
14.5 
!16.8 
"" 

"" 

"" 

3.7 
11.6 
18.7 
26.8 
33.0 
38.9 
43.7 
48.0 

1.50 

17.6 
20.8 
24.5 
26.6 

.- 
c 
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I. 

(D 

TABU 11. - Concluded. ANGLE (3' ATTACK AND TURNING ANGLE 

AT REFEBENCE LOSS 

(b ) NACA 65- (AI} 10 blades of reference 10 

4 

9.8 12 
8.1 8 
6.6 4 1.0 

:cZOA2%b l3.0 18 

1.5 

16.0 l.8 
12.0 12 
10.4 8 
8.5 4 

4*, a*, a*, a*, as", 
aeg beg 

aeg deg aeg 

9.3 

21.1 12.4 25.2 12.4 29.0 
15.2 8.4 18.2 9.8  21.4 
12.2 8.2 14.0 9.0 14.5 
7.7 6.7 10.0 8.8 

12.2 

28.3 16.0 34.3 16.4 38.0 
21.0  12.5 25.5  '13.8  26.3 
17.2  12.9  19.4  12.0  18.9 
11.5 10.9 13.0 10.4 

11.0 15.8 ---_ 17.2 26.3 _ _ _ _  
_ _ _ _  _-__ 27.7  21.0 ---- 18.0 15.2 ---- "" "" 

_ _ _ _  "" "" "" 

l 2  
c 

5 (1W . 4/31C5O) 

A i r  i n l e t  Angle of A i r  turning 
angle, pf, attack, a*, angle, A$*, 

deg aeg  aeg 

30 20.6  14.5 

45 19.7 14.0 , 

60 16.8 13.0 

42.3 19.0 12.8 
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.- 

Figure 2. - Model variation of velocity and pressure i n  
plane normal t o  axial direction and definitions of  wake 
properties. (Subscript y refers to properties in 
plane n o m 1  t o  axial direction; no subscript  indicates 
properties in p-e normal to outlet  flow.) 
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Angle of. attack, u, deg 

Figure. 3. - Illustnitive  variation  of-measured and cmputed loss-parameters and 
definit ion of reference m.lnimm loss. Blade, 65-( 12Alo) 10; air inlet- 
angle, 70’; soUdity, 1.5 (ref. 9). 

.06 
0 

- - - Probable  Variation in 
absence of l oca l  laminar 
separation 

Angle of-attack, a, deg 

Figure 4. - Illustrative momentum-thicknese variation i n  pregence 
of local  laminar s e m t i o n .  Blade, NACA 65-(1a10)10; air fn- 
l e t  angle, 60’; solidity, 1.0 (ref. 9) .  
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Angle of attack, a, deg 

0 Upper Surface 
m e r  surface 

0 20 40 60 80 100 
Percent chord 

(e) Blade, NACA 65-(#~&)10; air inlet angle, 45'; solidity, 1.0 (ref. 10). 

Figure 5. - Concluded. Typical surface velocity distributions i n  region from 
minFmum loss to posit ive s t a l l  fo r  conventional cascade sections. 
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(a) NACA 65-(A&SerIes and B i t i s h  C.4 circular-arc blades. 

(b) NACA 65-(AI)-Series blades. 

Figuze 6. - Correlation of wake momentum thickness with upper-surface 
diffusion ra t io  at reference minimum-lose angle of attack. 
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(b) NACA 65- (AI)- Series blades. 

Figure 7. - Correlation of wake mconentUm thickness uith upper-surface dFfpusion r a t i o  
at angles of attadi beater than reference mFnimwn Loss. 
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(a) N X A  65- ( plo)- Series and Bri t i sh  C .4 circular-arc blades. 

1.5 

1.4 

1.3 

1.2 V 1.0, 1.5 

1.1 
0 .I .2 .3 .4 .5 .6 

Circulation  parameter, r* 
(b) NACA 65-(AI)-Series blades. 

Flgure 8. - Correlation of upper-surface velocity r a t i o  with 
circulation parameter at reference ~ ~ I I ~ I X U - ~ O E ~  angle of 
attack. - 
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(b) NACA 65-(AI)-Series  blades. 

Figure 9. - Correlation of wake  moanentun thickness w i t h  equivalent 
diffusion ratio at minimum-loss angle of attack. 
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I 1.0 I ( e s  (7) 

0 .1 .2 .3 .4 .5 .6 
Circulation parameter, r 

Figure 10. - I l l u s t r a t ive  variation of correlation between 
upper-surface  velocity ratio snd circulation parameter f o ~  
range of angle of attack. Blade, RACA 65- (CZ&,) 10; air 
i n l e t  angle, X0; s o u u t y ,  1.0 (ref. 9). 

Angleof attack, a, deg 

Figure ll. - I l l u s t r a t ive  ccrmparfem of exprimen-1 and 
derived empirical  variation af upper-surface velocity 
ra t io .  Blade, NACA 65- ( C ~ & ~ ~ ) l 0 ;  air  inlet W l e ,  30°; 
solidity,  1.5 (ref. 9) .  - 
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Plgure 12. - Derived mpirical variation of slope of turning angle @et angle of attack. at 
reference minbrum-loss angle of attack. 
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(b) British C.4 circuhr=arc blades. 

Figure 13. - C o r n l a t i o n  of wake manentum thlckuess with equivaltnt affiueim r a t i o  at angles 
of attack greater than minimum loss. 
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Figure 13. - Concluded. Correlation of wake m m e n t u m  thickness w i t h  
equivalent d i f fus ion  r a t i o  at angles of attack greater than 
minimum 106s. 
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Equivalent difpusion ratio, DZq 

Mgure 14. - Correlation of total-pressure-loss parameter with 
equivalent dFffusion =ti0 at mlnimsrm-+ogs angle of attack. 
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Hgure 15. - Repsentat lve varlatian UP wake momentum thickness with 
equivalent  diffusion  ratio at minimum-1013s angle of attack used In 
calculatione of cascade 108s variations. Y 
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solidity,  u 

(c) Air inlet angle, 60°. 

Figure 16. - Calculated variation with solidity of low-speed 
total-pressure-loss coefficient at minimum-loss angle of 
atterck f o r  conventional cmpreesor cascade blades. Maximum- 
thickness ratio, 0.10. 
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Figure 18. - C a l u i i a L e r L  var ia t ion  of halr range from minimum loss 
to positive stall  with equivalent diffusion ratia at minimum 
lose .  ( S t a l l  at Deq = E-. 0; fixed air  inlet angle. 1 
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Figure 19. - Variation  of wake momentum thickness with upper-surface 
diffusion  ratio  at minimum loss for 65-(lZA10)10 blade with nrying 
maximum-thickness m t i o  (data frcan ref. 16). 
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Figure 20. - Force and velocity d i a m  f o r  blade i n  two-dimensiaaal incmpressible cas& flow. 
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Chord-length distance downstream, x / c  

Figure 21. - De@v& downstream varlatim cxp r a t i o  of mass-averaged t o  mea- 
avemged 10813 in total pressure in blade wake P r m  reference 2. 
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Chord-length distance downstream, x / c  

Mgure 22. - Dawnstream variation of r a t i o  of wake m e n t q  thickness to wake 
full $hickness. 
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